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Abstract
Li-O2 batteries has been widely investigated for its ultra-high capacity as next generation batteries.
Nevertheless, some problems like sluggish kinetic reaction and instability hugely impede the practical
use of Li-O2 batteries. In this work, Mo2C/MoO2@RGO heterostructures was fabricated by in-situ
growth of Mo2C between MoO2 and RGO during calcination and being employed as cathode to explore
the synergistic effect in Li-O2 batteries. As a result, Mo2C/MoO2@RGO exhibits good specific
capacity with 2365 mAh g-1, high round-trip efficiency (89% at first cycle) and improved cycling
performance. Density functional theory calculations indicated that the Mo2C/MoO2@RGO
heterostructures have better capability of oxygen adsorption than sole constituent (Mo2C@RGO or
MoO2@RGO), which triggers the formation of film-like amorphous discharge products, leading to
lower overpotential and stable performance. Our study reveals the important role of heterostructures in
Li-O2 batteries system and demonstrates a promising design strategy for heterostructured catalyst.
Keywords: overpotential; cycling ability; lithium-oxygen batteries; heterostructures; oxygen adsorption.
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1. Introduction

80%, which is spurring the need for an efficient

The Li-O2 battery has attracted huge academic attention

catalyst to reduce the huge overpotential in the Li-O2

in recent years because it provides three to five time’s

battery [10].

larger energy density than widely used lithium batteries.
The calculated energy density is 11,586 Wh kg-1 which
is comparable to the gasoline, making it as a
prospective alternative power source for electric
vehicles instead of Li-ion batteries [1]. However, some
factors such as sluggish kinetic reactions, instability of
electrolyte and electrode towards O2, and insulating byproducts become the main challenges of its practical
application [2]. Among all these problems, sluggish
kinetic reactions have been considered as the most
critical one, which is present in the form of high
overpotential, leading to poor round-trip efficiency.
One of the main reasons for high overpotential is the
presence of the insulating discharge product Li2O2, with
a band gap that was predicted to be about 4.2 eV by
using the Heyd-Scuseria-Ernzerhof (HSE) screened
hybrid functional [3]. Although both conductive LiO2
and insulating Li2O2 have been reported as possible
major discharge product in the Li-O2 battery system [4,
5], many groups have demonstrated that LiO2 is
extremely unstable during the reaction process which
makes Li2O2 the main discharge product [6-8]. In this
case, a high charging voltage (above 3.5 V) would also
easily decompose the carbon matrix as well as the
electrolyte and generate by-products to further damage
the round-trip efficiency [9]. For future practical use of
the Li-O2 battery, the efficiency needs to be at least

This huge device overpotential is highly related to
the electrochemical process in the Li-O2 battery: 2Li+ +
2e- + O2 ↔ Li2O2. In this reversible electrochemical
process, however, the oxygen evolution reaction (OER)
which relates to the decomposition of insulating Li2O2
plays a more critical role in determining device
overpotential since the oxygen reduction reaction (ORR)
shows very low overpotential (about 0.3V or less) in
this system. Unlike the OER process in fuel cells, the
OER process in non-aqueous Li-O2 battery takes place
under an organic electrolyte environment and at a solidsolid interface (catalyst/Li2O2) instead of a solid-gas or
solid-liquid interface, which have huge differences
from the solid-solid one. Han et al. identified the
adsorption energies of Li+ as a descriptor to evaluate
PtTM (TM = Co, Ti) alloy as catalyst for the Li-O2
battery [11]. Wen’s group proposed a model of surface
acidity as a descriptor to explore the catalytic ability of
transition metals as catalysts in the Li-O2 system, which
demonstrated the importance of electron exchange
between the catalyst and the discharge products [12].
Notably, all of the relevant descriptors are closely
connected with the intrinsic properties of discharge
products, such as electronic conductivity and ionic
conductivity. Thus, the defect engineering of discharge
products such as Li2O2 can be very important for
reducing overpotentials.
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Defect engineering has been divided into four

It has been suggested that creating heterostructures

types based on the atomic structures: Li-deficient Li2O2,

by coupling different nanostructures with band gaps can

doped Li2O2, Li2O2 with surface/grain boundaries, and

not only facilitate charge transport, but also improves

amorphous Li2O2, which is recognized as the extreme

the capability of oxygen adsorption and hugely

case among the defects, making it the most efficient

enhances the surface reaction kinetics at the high

target in reducing overpotential [13]. The amorphous

energy interface of heterostructures [17, 18]. Fong’s

Li2O2

to

group reported Mo2C/MoO2 loaded on N-doped foam

crystalline products, for example, it is 4 orders of

as an efficient bio functional catalyst, considering that

magnitude higher in electronic conductivity and 12

MoO2 is a good catalyst for the ORR reaction while

orders of magnitude higher in ionic conductivity [14].

Mo2C is a good OER catalyst, and ascribed the

These huge advantages are ascribed to the higher

extremely low overpotential (0.35 V) to the synergistic

mobility and concentration of lithium vacancies, which

effects of MoO2/Mo2C [19]. This performance was

are responsible for the lower overpotential, and thus

outstanding, yet the specific synergistic effects remain

makes controlling the crystallinity necessary. To

unclear, which is worth exploration.

possesses

some

advantages

compared

control the crystallinity of Li2O2 discharge product,
some researchers have explores the effect of the donor
number (DN) of the electrolyte on the formation of
Li2O2. Most of high DN electrolytes are unstable under

In this work, MoO2/Mo2C@reduced graphene
oxide (RGO) composite was synthesized as cathode and
investigated on the synergistic effects for Li-O2 battery
system. As a result, the synergistic effects in this

-

attack by O2 , however, and some high DN electrolyte
for instance, dimethyl sulfoxide (DMSO) are even
unstable in the presence of carbon or lithium metal [15].
Therefore, it would be an alternative strategy to develop
a

catalyst

for

controlling

the

crystallinity

and

morphology of discharge products. Since the oxygen
affinity of the catalyst has been considered as one of
major factors in the different morphologies of discharge
products [16]. enhancing the oxygen adsorption
capability can be a suitable way to optimize catalyst
design.

system were found to contribute to the improved
capability

of

oxygen

adsorption

that

the

heterostructures provided, triggering the formation of a
film-like amorphous morphology, and then leading to
extremely low overpotential of the battery. In addition,
we used density functional theory (DFT) calculation to
investigate the change in ability to adsorb oxygen after
the introduction of the heterostructure. This work
broadens the strategies to analyze electrochemical
processes in Li-O2 batteries by demonstrating the
importance of heterostructures, and brings new insight,
providing ideas that could help to synthesize stable
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Figure 1. (a) Schematic synthesis process of MoO2@RGO, Mo2C/MoO2@RGO, and Mo2C@RGO. (b) SEM image of
MoO2@RGO; (c) SEM image of MoO2/Mo2C@RGO; (d) XRD pattern of MoO2@RGO and MoO2/Mo2C@RGO.

catalysts for the Li-O2 cathode. We used reduced

Aldrich, ≥99.5), sulphuric acid (H2SO4, 95.0%-98.0%),

graphene oxide (RGO) to wrap all of the MoO2

potassium nitrate (KNO3, Sigma-Aldrich, ≥99.0%),

precursor, to uniformly convert MoO2 in situ into

potassium permanganate (KMnO4, Sigma-Aldrich,

MoO2/Mo2C heterostructures at a certain temperature,

≥99.0%), Sodium nitrate (NaNO3, Sigma-Aldrich,

at which most of the carbon was consumed, benefiting

≥99.0%), graphite flakes (Aladdin, 99.95%), N-methyl-

the stability of battery by reducing the attack on the

2-pyrrolidone

carbon by O2- to generate by-products, although some

Hydrogen peroxide (H2O2, Sigma-Aldrich, 30 wt. % in

remained as a conductive network for the catalyst at the

H2O), tetraethylene glycol dimethyl ether (TEGDME,

end of the synthesis. This hydrothermal-calcination

Sigma-Aldrich,

method that we used in preparing MoO2/Mo2C@RGO

(trifluoromethanesulfonyl)

heterostructure is also convenient, efficient, and

Aldrich, 99.95%), and molybdenum carbide (Mo2C,

controllable, making it suitable for the preparation of

Sigma-Aldrich，325mesh, 99.5%).

other

advanced

transition

metal

carbides

with

heterostructures.

Sigma-Aldrich,

≥99%),
imide

≥99.5%),

lithium
(LiTFSI,

bis
Sigma-

2.2 Preparation of Mo2C/MoO2@RGO composite
materials:

2. Experimental section
2.1 Chemicals and Materials:
Ammonium

(NMP,

The graphene oxide (GO) was fabricated by the
modified Hummers’ method [30]. Glucose (0.25 g) and

heptamolybdate((NH4)6Mo7O24,

(NH4)6Mo7O24·4H2O (1 g) were dissolved in 10 ml

Sigma-Aldrich,99.98%), glucose (C6H12O6, Sigma-

deionized (DI) water. 20 ml GO solution (5 mg ml-1)

6

was then poured into the mixed solution. After the

ppm). The performance of batteries has been recorded

mixture was sonicated for half hour at room

by battery testing system (LAND electronic CO. Ltd.,

temperature, it was transferred into a 100 ml Teflon

Wuhan, China). Cyclic voltammetry (CV) with

stainless steel autoclave and heated in an oven at

potential range between 2.0 V and 4.5 V (Li/Li+) at the

200 °C for 12 hours. After that, the MoO2@RGO

scan rate of 0.1 mV s-1 and electrochemical impedance

precursor was washed with DI water and ethanol 3

spectroscopy

times, and then put it in 60 °C oven for 12 h. For the

electrochemical station.

synthesis of Mo2C/MoO2@RGO, the MoO2@RGO was
under calcination at 745 °C for 4 h with flowing argon
-1

the temperature increased at 2 °C min after purging by
argon to expel air for 2 h at room temperature. The final
products could be collected after the furnace cooled
down to 25°C. The Mo2C@RGO was prepared by a
similar process with the temperature of calcination at
830 °C.

(EIS)

were

tested

by

VMP3

2.4 Physical Characterization:
The XRD was measured on a GBC MMA XRD (λ
= 1.54 Å ), with current and voltages at 25 mA and -40
kV respectively. Thermogravimetric (TG) analysis
(Q500 TA instruments) was conducted under air to
measure the content ratio of carbon over temperature
range from 50 °C to 950 °C at the rate of 10 °C min-1.
The morphology of materials was investigated with a

2.3 Electrochemical characterization of Li-O2 battery:

JEOL JSM-7500FA field emission scanning electron

or

microscopy (FE-SEM) with accelerating voltage at 5.0

with

kV and emission current at 10 mA Scanning

polyvinylidene fluoride binder (PVDF) at a weight ratio

transmission electron microscopy (STEM) was applied

of 8:2 of the active materials to PVDF and mixed with

to investigate on some details of interface structures.

NMP solvent to form a slurry, which was put onto

The Raman spectroscopy was conducted on a Jobin-

carbon paper disks (diameter of 14 mm) and then dried

Yvon Horiba 800 with a 10 mW helium/neon laser at

in a vacuum oven at 120 °C for 12 h. The amount of

632.81 nm excitation. A VG Scientific ESCALAB

loading was about 2 mg. The coin cells which were

2201XL instrument configured with Al Kα X-ray

used in electrochemical tests were composed of a

radiation was used for XPS measurements, and data

cathode, 100 µL electrolyte (1 M LiTFSI in TEGDME)

were processed using CasaXPS software and calibrated

penetrated into a glass fibre separator (Whatman GF/D

with the C 1s peak of the C-H bond at 284.6 eV.

Mo2C@RGO
Mo2C/MoO2@RGO)

(or
materials

MoO2@RGO,
were

mixed

microfiber filter paper, 2.7 μm pore size) and a lithium
metal anode. The assembly procedure was conducted in
an argon-filled glove box (content of O2 and H2O < 0.1

7

Figure 2. Physical characterization of the obtained materials. (a) Raman spectrum of MoO2/Mo2C@RGO ; (b) XPS spectrum of
Mo 3d for MoO2/Mo2C@RGO; (c) Transmission electron microscope (TEM) image of MoO2/Mo2C@RGO; (d, e) STEM images
of the interface of MoO2 (-111) and Mo2C(101); and (f-i) Elemental mapping analysis of MoO2/Mo2C@RGO.

2.5 Computational details:

atoms were fully relaxed, with 3×5×1 and 5×4×1 k-

All the DFT calculations were performed with the

point meshes selected, respectively. For the interface

Perdew-Burke-Ernzerhof (PBE) functional using the

model, two layers of Mo2C (101) were loaded on four

VASP code. The projector-augmented wave (PAW)

layers of MoO2 (-111). A 3×2×1 k-point mesh was used,

method was applied to represent the core-valence

and all atoms except in oxygen molecules were fixed.

electron interactions. The valence electronic states were

The vacuum between slabs was 10 Å.

expanded in plane wave basis sets with the energy cutoff at 400 eV. For the bulk structure, 9×9×6 and 5×5×5
k-point meshes were used for Mo2C and MoO2,
respectively. The convergence criterion of the total
energy was set to be within 1 × 10-5 eV for the k-point
integration. and the force threshold for the optimization
was 0.05 eV Å-1. Mo2C (101) and MoO2 (-111) facets
were modelled as p (2×2) periodic slabs with four
layers. The bottom two layers were fixed, and all other

3. Results and discussion
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Figure 3. Battery testing with different materials as cathode. (a) Voltage profiles of different active materials in full dischargecharge in Li-O2 batteries; (b) Voltage profiles of different current density for MoO2/Mo2C@RGO; (c) Cut-off capacity curves of
MoO2@RGO, (d) cut-off capacity curves of Mo2C@RGO, and (e) cut-off capacity curves of MoO2/Mo2C@RGO for different
cycles at current density of 200 mA/g. (f) Round-trip efficiency of batteries with different catalysts.

A schematic diagram (Figure 1a) depicts synthesis

increasing temperature, the carbon penetrates into

process for Mo2C/MoO2@RGO composite. First,

Mo2C to reach the interface to further react with MoO2

(NH4)6Mo7O24 and glucose were mixed with the as-

until all the MoO2 is converted to Mo2C [20]. A clearer

prepared

graphene

solution

for

view of the nanoparticles indicates the consuming of

obtaining

the

carbon. As shown in the X-ray diffraction patterns

MoO2@RGO precursor (Figure 1b), we calcined the

(Figure 1d), the diffraction peaks at 34.5 °, 38.0 °,

precursor at different temperatures according to the

39.6 °, 52.3 °, 61.9 °, 69.8 °, and 75.0 ° indicated the

thermogravimetric analysis curve (Figure S1 in the

different phase of β-Mo2C, which reflect (100), (002),

Supporting

the

(101), (102), (110), (103), and (112) planes, while 26.0°,

or

36.7°, 53.1°, 60.2°, and 66.6° were assigned to the (-

Mo2C@RGO if the temperature of calcination was

111), (200), (220), (031), and (-402) planes of MoO2,

over 830 °C (Figure S2). In the first step, carbon react

with the co-existence of both Mo2C peaks and MoO2

hydrothermal

oxide

synthesis.

(GO)
After

Information)

Mo2C/MoO2@RGO

composite

to

obtain

(Figure

1c)

with MoO2 to generate Mo2C on the surface. With
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peaks indicating that part of the MoO2 had been

energy dispersive X-ray spectroscopy (STEM-EDX)

successfully transformed into Mo2C@RGO.

(Figure 2f-i) indicates the uniform distribution of Mo,

The Raman spectrum of Mo2C/MoO2@RGO is

O, and C.

presented in Figure 2a, which also confirms the co-

Electrochemical testing of the reaction kinetics of

existence of MoO2 and Mo2C as well as presence of

Mo2C/MoO2@RGO

RGO [21]. The composition of the surface chemical

voltammetry (CV) under O2 and argon between 2.0 and

states

photoelectron

4.5 V (vs. Li/Li+) with 0.1 mV s-1 scan rates as shown

spectroscopy. The spectrum presents the results that the

in Figure S4. The oxygen reduction reaction (ORR)

Mo2C/MoO2@RGO consists of Mo, C, and O elements,

process starts at 2.8 V (vs. Li/Li+), while the oxygen

and the Mo 3d spectrum suggests the existence of

evolution reaction (OER) process begins at 3.25 V (vs.

different oxidation states for Mo on surface as shown in

Li/Li+),

Figure 2b. Mo-C bonds in Mo2C contribute to the Mo2+

decompose. Furthermore, the results for the active

state and part of the low oxidation states of Mo3+, while

material in different atmospheres and the testing of

other study demonstrated that Mo-O bonds can also be

different active materials in O2 atmosphere suggest that

assigned to the presence of Mo3+ and Mo5+ in MoO2,

the active material Mo2C/MoO2@RGO plays an

and Mo6+ in MoO3 due to air contamination [22, 23].

important part in the catalytic effect, while there are no

The high-resolution transmission electron microscope

obvious peaks in inert atmosphere. Figure 3 presents

image in Figure 2c demonstrates the uniform dispersion

the results of electrochemical testing of coin cells

of

scanning

consisted of lithium metal anode, 1 M LiTFSI in

transmission electron microscope (STEM) images

TEGDME as the electrolyte and the active materials.

present the (101) planes of Mo2C and the (-111) planes

The full discharge-charge curves in Figure 3a show the

of MoO2, as shown in Figure 2(d, e), in which the

differences between the different active materials at 100

heterostructures between Mo2C and MoO2 are clearly

mAh/g. The pure RGO shows the highest overpotential

revealed, indicating that it is a chemical composite

due to the lack of catalyst, while the other battery

instead of physical mixture. The scanning electron

catalysts present lower overpotential. Among them, the

microscopy ‒ energy dispersive X-ray spectroscopy

Mo2C works as a better catalyst for Li-O2 battery and

(SEM-EDX) analysis demonstrates the weight ratios of

possesses better electrical conductivity compared to

41.39% (Mo), 20.41% (O), and 38.20% (Figure S3a).

MoO2, which leads to better round-trip efficiency. What

Moreover, the elemental mapping of both SEM-EDX

is more, the co-existence of Mo2C and MoO2 on RGO

(Figure S3 b-e) and scanning transmission electron ‒

(Mo2C/MoO2@RGO) presents the best performance

was

composite

explored

by

nanoparticles.

X-ray

And

the

where

was

discharge

conducted

products

by

cyclic

manage

to
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Figure 4. SEM images of discharge and recharge products for different electrodes. MoO2@RGO in the (a) pristine, (b)
discharged, and (c) recharged states; Mo2C@RGO in the (d) pristine, (e) discharged, and (f) recharged states; MoO2/Mo2C@RGO
in the (g) pristine, (h) discharged, and (i) recharged states; and (j) schematic of the discharge/charge reactions on
MoO2/Mo2C@RGO cathode in Li-O2 battery.

among these four materials, with not only the highest

which demonstrates the great electrochemical stability

specific capacity (2365 mAh g-1) and but also the

of MoO2/Mo2C@RGO. Figure 3c-e shows the cut-off

lowest total overpotential (0.56 V). The rate capability

specific capacity (1000 mAh/g) curves for the different

has also been investigated, as shown in Figure 3b. We

catalysts at current density of 200 mA/g. MoO2@RGO

can observe that the overpotentials remain the lowest

without Mo2C only exhibit acceptable OER reaction

and the specific capacity remains the highest at specific

kinetics in the first cycle, and then the round-trip

current of 100 mAh/g. With increasing current density

efficiency diminishes quickly, while samples with

(from 100 mA/g to 800 mA/g), however, the

Mo2C show low overpotential and stable performance.

overpotentials and specific capacity still are comparable

Between Mo2C@RGO and MoO2/Mo2C@RGO, the

to the best performance (only 17.8% specific capacity

sample with MoO2/Mo2C heterostructures demonstrates

degradation and 10% round trip-efficiency degradation),

not only the highest round-trip efficiency, but also the

11

best stability. Figure 3f shows the relationship between

remained unclean (Figure 4c, f, i). FTIR spectrum

the cycle number and the round-trip efficiency which

have

presents

MoO2@RGO

the

electrochemical

superiority

of

recharge

MoO2/Mo2C@RGO more clearly.
To explore the superiority of Mo2C/MoO2@RGO to
MoO2@RGO and Mo2C@RGO, the reversibility of
MoO2@RGO, Mo2C@RGO, and Mo2C/MoO2@RGO
was investigated by tracking the process of evolution of
the discharge products at a constant current density of
20 μA cm-2 with XRD, scanning electron microscopy
(SEM), and XPS. In Figure 4, after discharge of three
different pristine electrodes (Figure 4a, d, g), different
morphologies of the discharge products were presented
in accordance with the different cathode electrode
materials (Figure 4b, e, h), and the XRD patterns
revealed the crystallinity of those discharge products
(Figure S5). Among these morphologies, the battery
with toroidal shaped discharge products with good
Li2O2

discharge

crystallinity

confirmed

exhibited

from

the

and
the

formation

Mo2C@RGO
peaks

at

of

Li2CO3

electrodes
862

cm-1,

in
after

while

MoO2/Mo2C@RGO electrode shows no peak at this
wavelength (Figure S6) [25], which explains the poor
cycling performance of MoO2@RGO and Mo2C@RGO.
It is notable that some researchers have suggested that
the toroidal shape discharge products may contribute to
higher specific capacity than the film-like discharge
products [24], but many factors, including the structure
of the electrode, the pore volume, and the side products
can also influence the specific capacity. In this case, the
heterostructures may contribute to the higher specific
capacity due to the increased capability for oxygen
adsorption, which will be discussed later in the density
functional theory calculations (DFT) part, protecting
the carbon matrix as well as the electrolyte from attack

high

overpotential, while the others with amorphous
morphology for their discharge products showed very
low

overpotential.

The

reason

for

the

better

performance of the amorphous film-like discharge
products and amorphous dendritic discharge products
than the toroidal discharge products is that the relatively
conductive amorphous Li2O2 can enable fast electron
tunnelling, leading to a more facile decomposition

Figure 5. Atomic model for explaining the oxygen adsorption.
Clean surfaces of (a) MoO2 (-111), (b) Mo2C (101), and (c)

process [24]. After recharge, only Mo2C/MoO2@RGO

MoO2/Mo2C interface models. Oxygen adsorption models: (d)

electrode exhibited a clean surface as in the pristine

MoO2 (-111), (e) Mo2C (101), and (f) MoO2-Mo2C interface.

state, while MoO2@RGO and Mo2C@RGO electrode

Red is O, cyan is Mo, and grey is C.
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by O2 and the generation of by-products, which will

exhibited during cell cycling was associated with the

not only cause bad cyclability, but also seriously

formation

damage the specific capacity [26, 27].

amorphous Li2O2. In order to confirm whether the

X-ray photoelectron spectroscopy (XPS) of Mo 3d was
conducted and fitted with elements states of Mo2+, Mo3+,
Mo5+, and Mo6+ on the surface of Mo2C/MoO2@RGO
electrode, as shown in Figure S7(a-c). For the pristine
Mo2C/MoO2@RGO, the existence of Mo-Mo and MoC bonds contributed to the low oxidation states Mo2+
and (partially) Mo3+. The oxidation of Mo3+ and Mo5+
can be explained by the presence of MoO2, while the
oxidation

of

Mo6+

was

the

result

of

surface

contamination by MoO3. After discharge, the peaks for
Mo2+ and Mo3+ almost disappeared, suggesting the
formation of the discharge products Li2O2, which was
confirmed by the XPS spectrum of Li 1s in Figure S8.
The impedance for cells with Mo2C/MoO2@RGO in
different states was investigated by electrochemical
impedance spectroscopy (EIS) as shown in Figure S9. It
can be seen that the impedance increases significantly
after discharge due to the generation of insulating Li2O2,
and the impedance almost recovers to its pristine state
because of the decomposition of Li2O2, which is
consistent with the XRD, SEM, and XPS results
discussed above. TEM images of MoO2/Mo2C@RGO

and

decomposition

of

thin

film-like

interaction force of RGO towards Mo2C/MoO2 has an
influence on its electrochemical performance, a
reference experiment on MoO2/Mo2C without RGO has
been conducted. XRD and Raman spectroscopy have
confirmed the coexistence of MoO2 and Mo2C in the
absence of RGO (Figure S11a-b). Nanoparticles of
MoO2 and Mo2C agglomerate easily and form 200 nm
to 600 nm clusters during calcination without RGO
(Figure S11c-d). In electrochemical testing, extremely
low overpotential was demonstrated because of the
heterostructures formed by MoO2 and Mo2C, but the
cycling stability was poor which is attributed to the
agglomeration of nanoparticles (Figure S11e). Thinfilm discharge products can be observed, which are
consistent with the situation when MoO2/Mo2C@RGO
is applied, confirming the major effect of the
heterostructures

between

MoO2

and

Mo2C

on

electrochemical processes (Figure S11f). It is very clear
that the lack of RGO will not impair the reaction
kinetics, but the agglomeration of nanoparticles caused
by less support from RGO can diminish the cycling
stability of batteries.

demonstrated the existence of interfaces after recharge

The effects of the relative contents of MoO2 and Mo2C

(Figure S10), proving that the interface can keep

on

working to provide efficient active sites during the

investigated (Figure S12a). The relative contents of

cycling, rather than disappearing after discharge. Above

MoO2 and Mo2C can be roughly evaluated based on the

all, the good reversibility of Mo2C/MoO2@RGO

intensity of the XRD peaks (Figure S12b-d). Based on

the

electrochemical

properties

have

been
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previous electrochemical results and Figure S12a, we

MoO2/Mo2C@RGO were calculated (-1.08, -1.23,

can conclude that there is a volcano-shape curve for

and -1.38 eV, respectively) (Table 1), and the results

relationship between the content of Mo2C and the

showed that the MoO2-Mo2C interface has the highest

reaction kinetic (Figure S12e). MoO2@RGO presents

ability to adsorb oxygen. This is because a great amount

the least electrochemical activity. The reaction kinetics

of valence electrons move to the interface, causing an

increases with increasing of Mo2C content until it

imbalanced charge distribution [29], which enable Mo

reaches a certain point and then decreases with further

atom to stabilize the chemisorption of O2. During the

increase of the Mo2C content. This volcano-shape curve

discharge stage, a cathode with stronger O2 adsorption

indicates the electrochemical superiority of the medium

capability can make adsorbing O2* easier and then

content of Mo2C in MoO2/Mo2C@RGO.

accepting an electron to form O2- species, which

We further explored the mechanism behind the
formation of different morphologies of Li2O2 based on

generates surface adsorbed LiO2* by combining with
Li+ as follows (Eqs. (2-3)).

DFT calculation. Figure 5 presents atomic models of

(2)

MoO2 (-111), Mo2C (101), and MoO2/Mo2C with a

(3)

clean surface (Figure 5a-c) as well as the oxygen
adsorption models (Figure 5d-f). The Mo-O in the
adsorption models indicates that the adsorption of
oxygen takes place on the Mo atom, which is in
accordance with previous results [28]. The adsorption

Li2O2 or be further reduced to Li2O2 after accepting
another electron from the cathode. In this case, Li2O2
nucleates and grows in a surface mechanism to form the
thin-film discharge product. In the charge stage, this

energy (∆H) was defined as follows (Eq. (1)):
(1)
Where

This adsorbed LiO2* can either disproportionate into

is the total energy of the final state in which

thin-film-like Li2O2 can be easily decomposed under
low overpotential into Li+ and O2 due to its amorphous
nature.

O2 interact with the clean surface, while

and

represent the total energy of the clean surface

Table 1. Oxygen adsorption energy of the three models.

purpose, a negative value of the adsorption energy

Oxygen
adsorption
model

indicates that the adsorption is stronger, while a

∆H (eV)

and the gas phase energy of O2, respectively. For this

positive value represents weaker bonding. The oxygen
adsorption energies of MoO2@RGO, Mo2C@RGO, and

MoO2(111)
-1.08

Mo2C(101)
-1.23

MoO2Mo2C
interface
-1.38
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4. Conclusion
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discharge products. What is more, keeping the charging
curve in the low stage can not only prevent the
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decomposition of electrolyte, which leads to the
formation of by-products like Li2CO3, but also avoids
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